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On 11 March 2020, the World Health Organization (WHO) declared the outbreak of coronavirus disease 2019 (COVID-19) to be a pandemic \[[@CR1]\]. The wide spread of infections led to an immediate urgency with the number of affected patients exceeding capacities of many involved healthcare systems with substantial morbidity and mortality \[[@CR2]\].

During the pandemic emergency, hospitals and healthcare facilities all over the world were forced to postpone elective procedures. Thankfully, in keeping with different stages and timeframe of the curve of infection, it has been possible to progressively restart these activities over time in several countries \[[@CR3]\]. Both during the pandemic crisis and in the present transition phase, measures and precautions have been particularly relevant for fragile patients \[[@CR3], [@CR4]\]. In fact, comorbidities together with age have been demonstrated as important prognostic factors for the severity of disease in patients affected by SARS-CoV-2 \[[@CR2], [@CR5]\].

Among fragile subjects, patients with chronic neurological disease are more susceptible to the effects of the infection, particularly involving the respiratory tract \[[@CR6], [@CR7]\]. Impairment of central respiratory centres (CNS) could also contribute to the severe acute respiratory syndrome associated with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) \[[@CR8]\].

Given the high impact of these disorders on human health, there is a present need to progressively restore necessary access and care for patients affected by neurological and psychiatric diseases, including molecular imaging techniques which are part of the diagnostic work-up of these patients \[[@CR4]\].

The organization of nuclear medicine (NM) services during the pandemic and the present progressive transition to normality (or to a "new normal") have been analysed and previously discussed by international groups of experts endorsed by the International Atomic Energy Agency (IAEA), European Association of Nuclear Medicine (EANM) and Society of Nuclear Medicine and Molecular Imaging (SNMMI) \[[@CR3], [@CR4], [@CR9]\].

In the present transition phase, restored availability of brain PET and SPECT examinations should be organized following local, national and international indications for NM procedures. However, the peculiar characteristics of patients with neurological diseases, the present knowledge of neuro-COVID features and potentially sequelae, together with the concomitant effect of the pandemic emergency and the lockdown on patients with neurodegenerative and psychiatric diseases should be taken into account when resuming nuclear neurology activity \[[@CR6], [@CR10]\].

Finally, during the COVID-19 emergency, in several countries, clinical trials (including interventional trials on new disease-modifying drugs for neurological diseases such as Alzheimer's disease, AD) have temporarily been suspended, possibly further delaying the identification of new treatments (crucial for patients and inevitably impacting the final validation of all imaging biomarkers in the clinical settings) \[[@CR11], [@CR12]\]. There, the EANM Neuroimaging Committee will discuss potential challenges related to neurological manifestations and complications of COVID-19 as well as the upcoming implications of the COVID-19 outbreak for patients with neurological diseases, who were candidates for brain PET and SPECT both in clinical and research settings.

Neurological manifestations and complications of COVID-19: implications for nuclear medicine {#Sec2}
============================================================================================

Coronavirus infections have been associated with neurological manifestations, like febrile seizures, convulsions, change in mental status and encephalitis, and neuro-invasive capabilities of coronaviruses have been described in humans \[[@CR2]\]. Indeed, SARS-CoV-2 acts on angiotensin-converting enzyme-2 receptors that are expressed in lung alveoli type 2 as well as in the brain (mainly in brainstem) \[[@CR13], [@CR14]\]. In this framework, neuro-invasion of SARS-CoV2 has even been advocated to explain the development of respiratory failure in some patients \[[@CR13]--[@CR15]\].

While some patients with COVID-19 may show confusion and headache (non-specific neurological symptoms), others may develop specific neurological manifestations including stroke, seizures and signs of encephalitis \[[@CR16]\].

From the pathophysiological point of view, upon nasal infection, coronavirus has been demonstrated to enter the CNS through the olfactory bulb \[[@CR17], [@CR18]\]. In this framework, especially during the spread of the infection in European countries, a peculiar presentation of COVID-19 has been described as characterized by olfactory and gustatory dysfunctions \[[@CR16]\]. These symptoms may appear before, during or even after the general symptoms \[[@CR17], [@CR18]\].

Smell dysfunction obviously occurs rather often in viral infections \[[@CR19]\], as many viruses may cause inflammatory reaction of the nasal mucosa and subsequent rhinorrhoea \[[@CR19]\]. However, olfactory dysfunction linked to COVID-19 infection is peculiar as it is not associated with rhinorrhoea suggesting that nasal inflammation may not be the only underlying etiological factor \[[@CR17], [@CR20]\]. In this context, the pathophysiological mechanisms leading to olfactory and gustatory dysfunctions in the COVID-19 infection are still unknown. Understanding the potential relationship between invasion of the olfactory bulb by SARS-CoV-2 and involvement of the CNS is an area of interest for future research to improve knowledge of the pathophysiology of the disease.

Another manifestation linked to the pathophysiology of COVID-19 is the association with coagulopathy and increase of thrombotic events. Initially, there were reports of increased stroke incidence in COVID-19 although these might have been overestimated \[[@CR21]\]. However, stroke in COVID-19 patients is generally more severe and may occur in younger patients \[[@CR21]\]. Nuclear imaging usually is not applied in stroke, but post-stoke abnormalities may be present as unexpected incidental findings complicating the interpretation of nuclear imaging studies performed for other indications.

Finally, although neuro-COVID-19 has been increasingly described, not only mechanisms of action but also frequency and severity of CNS symptoms, and their relationship with the course and severity of COVID-19 still needs to be elucidated.

Brain scanning is not a priority in imaging algorithm of COVID-19 and might even be not possible for several patients. Magnetic resonance imaging (MRI) may play a role in a subgroup of patients during the acute phase and might help to understand mechanisms of neuro-COVID also in the immediate post-recovery phase \[[@CR22]--[@CR24]\]. However, normal morphology of the olfactory bulb on MRI has been reported in COVID-19 patients with anosmia \[[@CR25], [@CR26]\]. In other small case series, cortical hyperintensity on fluid-attenuated inversion recovery images in the gyrus rectus and in the olfactory bulbs has been reported \[[@CR26]\]. However, these alterations were evident in the very early course of the disease but completely disappeared at early follow-up (less than 1 month after symptoms onset) \[[@CR26]\].

Accordingly, the question can be raised whether decreased neural activity could be demonstrated in olfactory pathways in patients with normal morphology and, if so, which is the time course of functional alterations.

Karimi-Galougahi et al. reported a case of a patient affected by COVID-19 with a persistent isolated anosmia for 6 weeks with a normal brain MRI \[[@CR27]\]. The patient was submitted to resting 2-\[^18^F\]FDG PET, and the resulting images highlighted hypometabolism of the left orbitofrontal cortex, which indeed is involved (together with the limbic system) in the chemosensory process \[[@CR27]\]. Using PET, Guedj et al. confirmed metabolic impairment of the olfactory/rectus gyrus in two patients with SARS-CoV-2 by means of quantitative analysis in comparison with healthy controls \[[@CR28]\]. In one patient, an extension into the medial temporal cortex and the brainstem was also highlighted \[[@CR28]\].

While these findings sound plausible from the pathophysiological point of view, with also the possible secondary impact of brain inflammation on various neurological and psychiatric disorders, no other PET or SPECT data are available in patients with COVID-related olfactory dysfunction. It should be noted, however, that patients with hypo and anosmia due to CNS damage of other aetiologies have been extensively investigated by means of molecular imaging in recent years \[[@CR29], [@CR30]\].

In particular, hyposmia is one of the most common and best-characterized non-motor features of Parkinson disease (PD), and a large body of evidence demonstrates that prodromal individuals with hyposmia, who later convert to clinical PD, already show altered availability of dopamine transporters \[[@CR29], [@CR30]\]. This SPECT finding strongly increases specificity of early diagnosis and retains the high sensitivity associated with olfactory testing alone \[[@CR28], [@CR29]\]. Notably, very preliminary data related to the co-expression and regulation of ACE2 and DOPA Decarboxylase (DDC) genes have raised the hypothesis that an alteration of the dopamine synthetic pathways is possibly involved in the pathophysiology of COVID-19 \[[@CR31]\]. Following this hypothesis, as SARS-CoV-2 induces downregulation of ACE2 expression, it might also result in alterations of the dopamine (and serotonin) synthetic pathways that might be the target for future investigation, especially just after patients' recovery, in selected centres with appropriate resources for clinical research and follow-up of survivors of COVID-19 \[[@CR31]\].

Finally, while mid-term and long-term consequences of SARS-CoV-2 neuro-infection are still unknown, cases of post-COVID-19 likely autoimmune (steroid responsive) but seronegative encephalitis have been reported in the absence of any alteration on MRI \[[@CR32]\]. While causality and pathophysiology of these manifestations still need to be elucidated, NM physicians should be aware of this possibility as it might result in an indication for 2-\[^18^F\]FDG PET as suggested in the emerging diagnostic work-up of autoimmune encephalitis \[[@CR33], [@CR34]\].

Impact of COVID-19 outbreak on patients with neurological disorders {#Sec3}
===================================================================

As mentioned, another area of concern is the vulnerability of patients with neurological diseases to both COVID-19 and to the related social distance measures. First of all, it might be difficult for people living with dementia to remember self-quarantine and protection measures (such as wearing masks), thus being exposed to higher risks of infection \[[@CR10]\]. Moreover, behavioural symptoms of dementia, such as wandering, may hamper efforts to maintain isolation \[[@CR10]\]. Individuals with dementia are more likely to have cardiovascular disease, metabolic syndrome and pneumonia with respect to non-demented elderly subjects, thus adding the cumulative effect of other comorbidities to the risk of a poor outcome after COVID-19 infection \[[@CR7]\]. Moreover, stress and trauma can accelerate cognitive decline in patients with dementia, while depression due to both COVID-19 pandemic and social distancing measures may favour onset of cognitive symptoms or even pseudodementia that might represent a source of challenging differential diagnosis in the present context \[[@CR35]\]. Indeed, the differentiation between mild cognitive impairment (MCI), or dementia, due to depression and MCI due to AD represents a typical indication for brain 2-\[^18^F\]FDG PET \[[@CR36]--[@CR39]\].

Similarly, PD can compromise the respiratory system, and patients with advanced PD are known to have increased risk of pneumonia \[[@CR40]\]. Accordingly, at least in theory, PD might be a risk factor for more severe respiratory complications or even an unfavourable outcome after COVID-19 infection \[[@CR41]\]. However, the relationship between PD pathophysiology and SARS-CoV-2 might be even more intricate as a possible protective role of alpha-synuclein against the spread of the disease from peripheral to CNS has been reported \[[@CR42]\]. This unexpected finding might lead to a search for a better understanding of the physiological role of alpha-synuclein in immune response and inflammatory conditions, which might be relevant for research on PD pathogenesis in the future.

On the other side, it has been suggested that increased stress due to the pandemic outbreak may further unmask a latent hypokinetic rigid syndrome, probably by depleting compensatory mechanisms in PD patients \[[@CR6], [@CR43]\]. This might even lead to an increase in numbers of new PD diagnoses just after the pandemic crisis.

These challenges might potentially increase the need for medical care for patients with neurological diseases in the coming months. Moreover, as it is well-known that during the pandemic outbreak, the increased demand on health systems has resulted in the diversion of resources away from patients with all types of chronic diseases, the progressive resolution of the pandemic is likely to be associated with an increased demand for diagnosis and care that so far has been deferred \[[@CR44]\].

The workflow of NM departments during the first phase of the pandemic outbreak has been modified to focus on more urgent examinations. This has, in many cases, resulted in a significant reduction in the number of brain PET and SPECT examinations in patients with chronic neurological diseases. This organizational change has also resulted in reduced access of fragile patients with neurological disorders, in an attempt to protect them by avoiding access to hospitals during the pandemic emergency. However, the same group of patients might now suffer from a slower restart of the availability of NM procedures for diagnostic work-up of AD, PD or epilepsy for several logistic reasons, not at last for potential scarcity of resources to be allocated.

As a matter of fact, the consequences of the pandemic go well beyond the peak period. When resuming to normality and establishing priorities for the many societal and economical challenges ahead, it will be important to avoid the equation "non-urgent = non-essential = futile". Accordingly, the risk/benefit ratio for performing brain PET and SPECT studies in such type of fragile patients should progressively change following local scenario and authority's indications but should also be tailored more than ever to individual bases and patients' diagnostic needs.

The procedures to secure safe patient examinations in the present transition phase in European Countries are now in place and should not prevent examinations. In countries with a developed social sector, any delay in patient assessment will withhold social support and benefits that are contingent on an accurate diagnosis with potentially negative consequences for the patient. Neurodegenerative disorders are among the most difficult and challenging diagnosis, and PET and SPECT brain imaging are important supplementary imaging modalities, which are increasingly being used and relied on.

Clinical trials involving brain PET in the era of COVID-19 pandemic {#Sec4}
===================================================================

One of the collateral damages associated with the COVID-19 pandemic has also been the interruption of clinical trials and observational studies using brain PET as diagnostic and response monitoring marker. This is particularly true for research in the field of AD and other neurodegenerative conditions, occurring in elderly populations vulnerable for COVID-related complications \[[@CR35]\] (<https://www.alzforum.org/news/community-news/alzheimers-research-restarts-cautiously>).

This interruption is due to a number of reasons. In multiple countries and states, there has been a global halt of non-urgent/less-urgent medical procedures, which by definition included research studies, and a general population lockdown. For observational studies, the evaluations of the risk-benefit balance have overall concluded that the risks associated with the participation in the study are higher than the benefits in understanding the disease progression and evolution that can be obtained with the studies. In case of clinical trials, for which direct benefit can be expected for participants in the study, the limited availability of health resources and organizational and economic issues in pharmaceutical companies have probably been determinant for decisions related to the manage ongoing clinical trials.

Some studies have been able to, at least, partly continue with a robust shift to remote rather than in-person visits whenever possible. This change, enabled by technology, might have positive consequences in the longer-term by facilitating screening and follow-ups and thus access to trials and results monitoring \[[@CR45]\]. The COVID-19 pandemic could even accelerate the adoption of innovative design and methods in clinical research.

Moreover, the policy to halt research studies during the peak phase of the disease is well-understandable and in line with the global halt of socio-economical activities. However, the effect of the pandemic outbreak on research may also "threaten the patients of tomorrow" (see reference [@CR35] for a more detailed discussion). We all hope that the fact that many countries are restarting non-urgent activities and trials will prove to be a success and ultimately the COVID-related stop will only result in a few months delay.

In fact, these consequences may be even more relevant for the field of research in neurodegenerative dementia and in particular in AD. In the last 20 years, the field of dementia has become one of the most active areas for both basic and clinical research. The identification of new potentially disease-modifying drugs has been supported by huge efforts by major industry and governments \[[@CR46]\]. An interruption of these important efforts could also have long-lasting consequences for the field of AD research and future clinical management. A recent report of the Alzheimer's forum has discussed the impact on AD clinical trials, confirming that a number of trials were terminated during the pandemic crisis. Moreover, guidelines are missing on how to adjust statistical analyses especially considering that some patients declined more easily during the pandemic, and trial recruitment slowed \[[@CR47]\]. Finally, sponsored and no-profit researches have deadlines, and although no-cost extension is possible (especially given the present circumstances), research contracts (including funds to cover PhD fees) might finish before the trial is completed raising the need for additional expenses.

As a matter of fact, the dementia scientific community might even face more challenges for funds and social awareness in the next future. It is important to keep in mind that clinical research, also outside the research dedicated to the fight of the COVID-19, is an essential pillar of our societies and health systems. The Nuclear Medicine scientific community will have to deploy all its lobbying capacity to minimize the negative impact of the global economic crises on funding research on molecular imaging biomarkers.

Conclusions {#Sec5}
===========

Although the underlying pathophysiology of neurological manifestations in SARS-CoV-2 remains to be fully determined, an increasing number of studies report neurological involvement and complications in patients with COVID-19. While progressively resuming nuclear neurology activity in the present transition phase, NM physicians should be aware of these possible clinical presentations as well as of the expected relevant impact of both COVID-19 and social distancing on patients with neurological and psychiatric diseases. During the pandemic crisis, the justification principle has been applied more than ever for the decision-making about all imaging procedures (especially for elderly patients with comorbidities).

In the present transition phase, the risk/benefit ratio for performing brain PET and SPECT scans in fragile patients should be tailored to individual bases with a thoughtful consideration also for patients' diagnostic needs. Finally, the pandemic has clearly demonstrated how much the whole integrity of our community relies on health systems and their proper functioning. In this framework, clinical research is an intrinsic component of our health systems that should also be supported to mitigate long-lasting impact of COVID-19, also for patients with chronic neuropsychiatric diseases still lacking effective treatments.
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